Segmental relaxation in a series of polymethylphenylsiloxanes (PMPS) was studied using dielectric spectroscopy. The measurements covered a temperature range of more than 40 deg at pressures from ambient to 115 MPa. The results confirmed that the shape of the loss peak is independent of temperature, pressure and molecular weight. Consequently, the T g -scaled dependence of the relaxation times was also independent of molecular weight. The pressure dependence of the relaxation times was characterized by means of the activation volume. This quantity changes markedly with pressure at a given temperature. However, the activation volume at the respective glass transition temperatures of the PMPS are essentially invariant to molecular weight. Finally, we measured the dependence of T g on pressure, with the results well-described by the Andersson equation.
INTRODUCTION
The transition of a rubber or amorphous liquid into a glass can be brought about by a variety of means, including cooling and increased hydrostatic pressure. The dynamics in the supercooled regime prior to the structural arrest associated the glassy state are complex and not fully understood. Determining the connection between these motions (referred to as local segmental relaxation in polymers) and the chemical and thermodynamic properties is essential to establishing a molecular basis for the physical properties of a material. Experimental efforts along these lines usually focus on the effect of temperature, with correlations having been established between the temperature dependence of the relaxation times and both the shape of the relaxation function [1] [2] [3] and the chemical structure. 2, [4] [5] [6] In developing structure/property relationships, pressure dependences can be equally informative, and recently there has been a burgeoning use of pressure as an experimental variable. [7] [8] [9] [10] [11] [12] [13] Relaxation measurements under high pressure allow the relative contributions of volume and thermal energy to be quantified, 14 which is essential information for any theory of the glass transition.
Siloxane polymers are commercially very important, finding applications ranging from lubricants and heat exchange fluids to medical devices and cosmetic products. Siloxane materials are also intriguing from a scientific viewpoint. Their low glass transition temperature in combination with excellent thermal stability enables measurements over an enormous range of temperatures. [15] [16] [17] Monodisperse polysiloxanes are readily available in a range of molecular weights, and with a variety of chemical side-groups. In this paper, we describe dielectric measurements on polymethylphenylsiloxanes (PMPS) of varying molecular weight, carried out as a function of both temperature and pressure. In earlier work, 18, 19 we had compared the segmental relaxation properties of PMPS and polymethyltolylsiloxane (PMTS). At ambient pressure, their respective time dependences (i.e., shape of the relaxation function) and T g -normalized temperature dependences are equivalent, consistent with their very similar chemical structures. However, the pressure dependences of the dielectric relaxation differed markedly. 19 Herein, we report results for PMPS over a molecular weight range of from 12.6 to 121 kg/mol. The measurements were car-ried out over a temperature range of from T g to ca. 40 degrees above T g , at pressures from ambient to 115 MPa. The effect of pressure on the relaxation times and the relaxation function, as well as any dependence on chain length, is analyzed.
EXPERIMENTAL
The polymers, from various sources, are listed in Table I . The dielectric measurements were carried out using a Novo-Control GmbH dielectric spectrometer. The dielectric permittivity, ε * (ω) = ε'(ω) -iε"(ω), was measured in the frequency range from 0.01 to 3×10 6 Hz. For ambient pressure measurements, the sample was contained between parallel plates (diameter 10 mm, gap 0.1 mm), with temperature controlled to better than 0.1K using a nitrogen-gas cryostat.
For the high-pressure measurements, the parallel plate capacitor, after filling, was sealed and mounted inside a Teflon ring spacer. This assembly was then placed in the high-pressure cell. Pressure was exerted via silicone fluid, using a chamber with a piston in contact with a hydraulic press. Pressure was measured by a Nova Swiss tensometric pressure meter (resolution = 0.1 MPa). The temperature was controlled to 0.1 K by means of liquid flowing from a thermostatic bath. Figure 1 are representative dielectric constant and loss spectra obtained at ambient pressure for PMPS (M w = 52.8 kg/mol). With decreasing temperature, there is a marked shifting of the spectra to lower frequency, along with a systematic increase in the dielectric strength, ∆ε. This behavior is expected for an amorphous polymer near T g , and very similar to that of the other samples, having different molecular weights. In fact, as shown in Figure 2 , when compared at temperatures for which their respective τ are equal, the shape of the dielectric relaxation function for PMPS is independent of molecular weight. The change with temperature in the dielectric strength is shown in Figure 3 for the same PMPS as in Figure 1 . The decreasing ∆ε reflects two effects, an inverse proportionality to temperature and a direct proportionality to the number density of chain units. 20 The latter, of course, decreases with increasing T. A relaxation time can be defined as τ = 1/2πf p , where f p is the frequency of the maximum in the dielectric loss. These local segmental relaxation times are plotted in Figure 4 for all samples. It can be seen that beyond ca. 50 kg/mol in molecular weight, the relaxation times become independent of M w . The two PMPS having the shortest chain lengths exhibit substantially smaller τ at any given temperature. These dielectric relaxation times were fitted to the Vogel-Fulcher equation (1) which is equivalent to the WLF equation. 21 Since the T g 's of the samples vary, no a priori judgement can be made about the relative dependence on temperature of the relaxation times for the different samples.
RESULTS

ATMOSPHERIC PRESSURE RESULTS
Displayed in
It is well established that the breadth of the local segmental relaxation function for polymers, as well as small molecule glass formers, correlates with the T g -normalized temperature dependence of the relaxation times. Thus for PMPS, the fact that the breadth of the loss peak does not depend on molecular weight (Figure 2 ) leads to the expectation that the quantity τ(T/T g ) will be independent of M w . We test this by replotting the data from Figure 4 , using T g /T as the temperature variable. We take T g to be the temperature at which τ = 1 s, using the fits to Equation 1 to interpolate the data. For the lowest molecular weight PMPS, some extrapolation (about one-third of a decade) using the fitted Vogel-Fulcher equation is necessary to reach τ = 1 s. The obtained values of T g are listed in Table I . As can be seen in Figure 5 , this normalization causes the relaxation data to become coincident, consistent with the expectation drawn from Figure 2 . A useful metric to parameterize the temperature dependence is the slope at T g of the T g -normalized Arrhenius curve. This steepness index (or "fragility" 1 ) can be calculated directly from the Vogel-Fulcher fitting parameters as (2) with the result for each sample listed in Table I The measurements on PMPS can be contrasted with results for polydimethylsiloxane (PDMS), which has the same backbones, but with a smaller pendant group. For PDMS, the parameter m is also independent of the molecular weight. 17 However, the pendant phenyl ring of PMPS promotes steric interactions and consequently enhanced intermolecular cooperativity. This leads to a broadening of the segmental relaxation function in comparison to PDMS, as well as a more rapid change of τ with T g -normalized temperature.
ELEVATED PRESSURE RESULTS
In Figure 6 , representative dielectric spectra measured at various pressures and 278 K for the lowest molecular weight PMPS are displayed. Qualitatively, the effect of increasing hydrostatic pressure is similar to that of decreasing temperature. There is a systematic shift toward lower frequency, along with an increase in the dielectric strength (Figure 3 ).
In the same fashion as the isobaric results shown in Figure. 2, the dispersions measured for the different molecular weight samples are equivalent, when compared at pressures for which their respective τ are equivalent. This is illustrated in Figure 7 for the PMPS having the lowest and highest M w . This implies that the effect of pressure on the relaxation times will be independent of molecular weight, given the correlation, described above, of the latter with the shape of the relaxation function. Again using the frequency of the maximum in the dielectric loss peaks, we obtain the local segmental relaxation times, with results for three samples displayed as a function of pressure in Figure 8 . Results for the other two PMPS are very similar to the data for M w = 52.8 kg/mol. There have been various equations proposed to describe the pressure dependence of τ. [23] [24] [25] [26] [27] Substituting P -1 for T in Equation 1, a pressure variant of the Vogel-Fulcher equation can be obtained 23, 28 (3)
Using the value of τ ∞ determined from the temperature dependence of τ at ambient pressure, this function describes the high pressure data well, as shown in Figure 8 . (▼ ▼, at T = 278 K and P = 7.64 MPa) and M w = 121 kg/mol (▲ ▲, at T = 274 K and P = 45.8 MPa). The latter curve was shifted slightly to obtain superimposition. The low frequency tail seen in the spectrum of the higher molecular weight sample reflects the dc-conductivity contribution to the loss.
activation volume, defined as . Having the units of volume, ∆V # is interpreted as the volume of the intermediate "transition" state during the relaxation process. 8 In terms of
We use ∆V # herein without implying any conformity to a free volume interpretation of the glass transition. For each molecular weight, we calculate ∆V # at a pressure for which τ = 1 s at the measurement temperature. Over our limited range of temperatures, the variation of ∆V # with temperature is negligible. The obtained results are listed in Table I . Note that the activation volume is almost a factor of 4 larger than the molar volume (the latter calculated from Reference 29) . This large magnitude is likely related to the strong effect of volume, relative to thermal energy, on the magnitude of the relaxation times. 30 Any dependence of the activation volume on M w is less than the scatter in its determination; that is, the pressure dependence of the relaxation times of PMPS are independent of molecular weight. Likewise, the pressure coefficient of T g is also invariant to molecular weight. By shifting the T g of the two lower molecular weight samples upwards by 2.5 and 4.1 degrees, respectively (see Table I ), we can superpose the glass transition data. This is shown in Figure 9 , wherein the glass transition temperature has a single relationship to pressure. It is interesting that the configurational freedom conferred by chain ends, although causing a decrease in T g with decreasing M w , does not affect the response of the material to pressure changes. Commonly, the pressure coefficient of the glass transition temperature is described using the Andersson equation 31 (5) in which a is essentially the atmospheric pressure value of T g , and b and c are material constants. Although originally an empirical fitting function, this equation can be derived from the Avramov model of structural relaxation. 32 Fitting Equation 5 to the data in Figure 9 , we obtain a = 248.7 ± 0.2 K; b = 2.01 ± 0.15; and c = 862 ± 15 MPa. In the limit of zero pressure, dT g /dP = 0.289 ± 0.005 K/MPa, independent of molecular weight. This dependence on pressure becomes weaker with increasing pressure.
CONCLUSIONS
The local segmental relaxation properties of polymethylphenylsiloxanes of various molecular weights were investigated using dielectric spectroscopy. The Vogel-Fulcher equation and its pressure analog described well the relaxation times' respective dependences on temperature and pressure. Neither dependence exhibited any variation with chain length. Accordingly, in conformance with the well-established correlation of the relaxation time with the shape of the relaxation function, the latter was found to be invariant to molecular weight. 
